Ultrafast laser micro-structuring of ceramic alumina, titanium and stainless steel are presented confirming that precision, melt free micro-structuring is indeed possible with intense femtosecond optical pulses. While metals are best machined at a fluence a few times ablation threshold, ceramic alumina, on the other hand, shows excellent structuring with no evidence of melt at high fluence F ~ 21Jcm -2 . In PMMA, at 387nm with pulselength ~ 200fs, we demonstrate refractive index modification within the bulk induced by two photon absorption to generate phase gratings. By using a holographic technique combined with 387nm femtosecond radiation and 0.5NA UV objective, submicron pitch periodic structures were ablated on stainless steel, titanium and silicon. With a lower (0.15NA) objective and focussing the periodic optical field distribution within bulk PMMA, micron pitch phase gratings can be generated.
Introduction
Pulsed laser ablation is used in a wide range of applications such as machining polymer micro-optics, (UV excimer), patterning of ITO thin films for plasma displays, (Nd:YAG), trimming electronic components, (Nd:YAG), machining metal stents (Nd:YAG, fibre) and corneal sculpting (UV excimer), [1, 2] . The advent of reliable turnkey femtosecond laser systems adds a relatively new versatile micro-structuring tool which can easily provide focused peak intensities in the range 10 12 -10 14 Wcm -2 . In this ultrahigh intensity regime, precision structuring of metals has been demonstrated [3, 4] and multi-photon absorption (MPA) becomes an important coupling mechanism in wide bandgap materials hence allowing modification of transparent substrates. Electrons, heated to high transient temperatures within the temporal pulselength transfer this energy to the lattice atoms typically within a few picoseconds due to electron-phonon coupling, raising the material surface temperature to > 10 4 K. As heat diffusion is negligible on this timescale (d ~ few nm) one of the main drawbacks of long pulse (nanosecond) ablation can be overcome. In addition, plasma absorption is virtually eliminated as the plasma develops well after the laser pulse has been absorbed.
The newly formed North West Laser Engineering Consortium (NWLEC), a strategic alliance between the Universities of Liverpool and Manchester in the North West of England UK, funded by the North West Development Agency (NWDA), has an ongoing research programme in a number of key microtechnology areas. These areas include the use of short pulse lasers for surface texturing, the generation and exploitation of nano-particles and techniques for the manipulation of micro and nano objects for engineering manufacture. More information can be found at nwlec.org.uk. This paper presents some of the ongoing research results from the consortium.
In this paper, we report on micro-structuring studies of a range of materials from metals to dielectrics at O = 775 nm and 387nm at 1kHz repetition rate and ~ 180 fs temporal pulselength Residual surface features are shown with scanning electron microscopy (SEM, Hitachi S-2450).
Experimental
The experimental set-up has been described in detail elsewhere [5] . Micro-structuring was achieved with a turnkey femtosecond laser system (Clark-MXR, model
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Laser Microprocessing Conference Page 12 CPA2010) used in combination with either a scanning galvo or precision 3-axis positioning system. For holographic micro-structuring, the fundamental wavelength was frequency doubled in BBO to 387nm then passed through a custom designed phase mask with 100lmm -1 . The two first order components (38% efficiency) were collimated with a fused silica bi-prism and focused with a lens or a reflective microscope objective to the surface for micro-machining, or below the surface for refractive index modification, figure 1. 
Results and Discussion

Alumina
Alumina ceramic, Al 2 O 3 , presents a challenge to laser micro-structuring due to its negligible linear absorption coefficient in the optical region (bandgap ~8eV) coupled with its physical properties such as extremely high melting point and relatively high thermal conductivity. Effective femtosecond laser micro-machining of this ultra-hard material is shown in figure 2a over a range of fluence F ~ 2.8 -8.4Jcm -2 showing that fine debris surrounds the ablated region. A cross section of the residual surface micro-machined at F ~ 21Jcm -2 is shown (figure 2b) where fine layer of nano-particle debris a few micron thick is re-deposited on top of the poly-crystalline material. We see no evidence of melt at high fluence neither at the base of the machined surface nor at the edges. Burrs, typical of nanosecond laser ablation are completely absent.
Titanium Foil
The near UV femtosecond pulses at 387nm were focused by a Nikon 0.45NA objective to the surface of Titanium foil, 30Pm thick positioned on a 3-axis motion system. Figure 3 shows an SEM image of an array of 8Pm diameter holes on a pitch of 100Pm, percussion drilled at fluence F ~ 3Jcm -2 requiring ~100pulses to machine through. While the entrance holes are very round, the exit holes have irregular shape, approximately ~ 3 by 5 Pm likely due to polarisation dependent internal reflections within the developing hole. Round exit holes can be achieved using polarisation trepanning. No melt was detected at the entrance but there was re-deposition around the holes.
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Laser Microprocessing Conference Page 13 By using the holographic set-up described in figure 1 , periodic structuring of stainless steel, titanium and silicon were demonstrated. The expected period is given by / = O/ 2NA, where the NA is the effective numerical aperture of the system. Clearly, there is a great advantage to achieve the smallest features by using the shorter wavelength at 387nm. Figure 4 shows an example of this periodic micro-structuring (SEM image) of the surface of stainless steel with pitch < 0.5Pm using a 0.5NA Schwarzchild objective. By focusing the periodic optical field below the surface of a "transparent" polymer (PMMA) while optimising pulse energy and scan speed, periodic refractive index variations were written inside bulk PMMA at 387nm. By translating the substrate an integral number of periods, the resulting phase grating could be extended over a few millimeters. Figure 5 shows an optical image of periodic refractive index variations with a pitch /~1.4Pm using a ~0.15NA objective. Although linear absorption is negligible, multi-photon absorption can be induced at ultra-high intensity. Gratings have been written with peak intensity in the range 10 12 -10 13 Wcm -2 (1PJ/beam, 2mms -1 scan speed, 10Pm spot and pulselength ~200fs). Ti6Al4V is the most popular of the titanium alloys and is widely used for a range of applications in the aerospace, marine, power generation and offshore industries.
0.9mm Ti6Al4V sheet was ablated under a scanning galvo system by 180fs laser pulses with a wavelength of 775nm. Ablation rates, ablation threshold and residual surface properties (e.g. angle of taper, surface roughness) of the machined structures was studied. Figure 6 shows fs laser ablation of a square area on Ti6Al4V alloy using two different fluences. In figure  6 (a) a fluence of 2 J/cm -2 is used. It can be seen that if the energy input is too high melting occurs around the edge of the machining area. From measurements taken on a Veeco NT1100 white light interferometer it was possible to calculate the ablation rate (volume removal). It can be seen in Figure 7 that the ablation rate of fs ablation on Ti6Al4V is proportional to laser pulse energy.
The ablation threshold of the Ti alloy can also be calculated (figure 8) from single shot ablation at various energy fluences (figure 9). This has been calculated to be 0.0709 Jcm -2 . An example of micromachining on this Ti alloy is shown in figure 9 , this is a false colour topography image of the ablated surface.
Carbon Fibre Composite (CFC)
Carbon Fibre Composite (CFC) materials are increasing used in aircraft construction and components [6] . Investigations are presented here into the femto second micro-structuring of this CFC material.
The output from a Clark-MXR CPA2010 system was attenuated using half wave plate and Glan laser polariser and directed to a scanning galvo head (GSI Lumonics) and focussed with an f=100mm flat field lens. The focussed spot size was observed to be M~ 30μm. Galvo control was accomplished using SCAPS GmbH software. Substrates were 25 by 25 mm square and ~5mm thick. The micro-machining quality was observed and measured with a Nikon optical microscope and Veeco NT1100 White light interferometer. It can be seen in figures 11 to 13 that it has been possible to machine clean melt free ablated tracks in this CFC material with a femto second laser. It was found that the larger channels (100 -200Pm wide) exhibited the least thermal damage to the bulk material and structural impact on the fibre reinforcements.
Conclusions
Clean melt free ultrafast ablation of ceramic alumina, stainless steel, titanium, titanium alloy and carbon fibre composite has been demonstrated. In general, with metals, low fluence is required for melt free ablation [3] . On the other hand, alumina at 775nm micromachines well at high fluence with no observed melt. Coupling to this material (bandgap ~8eV) is likely via multi-photon absorption and defect generation. The sub-micron periodic structure on stainless steel highlights melt minimisation with femtosecond pulses. Finally, refractive index variations have been induced (via MPA) in PMMA at 387nm, a wavelength at which this material has negligible linear absorption.
